PbTe nanocrystals were deposited onto the surface of graphene and used as a reservoir of Pb and Te atoms. Electron beam irradiation at 80 kV caused Pb and Te atoms to mobilize and disperse across the surface of graphene. We studied the dynamics of these atoms in real time using aberration-corrected transmission electron microscopy. The Pb and Te atoms were found to attach to the surface layer of amorphous carbon that resides upon the graphene, as well as its edge. Pb and Te atoms were not found residing on pristine graphene, but were found to bond to the free edge states along graphene hole edges.
surface atoms form magnetic species. 3, 4 However, doping does have a positive role in reducing the sheet resistance of monolayer graphene, which is important for its implementation as a transparent conducting electrode in solar cells, LEDs and touch-screens. [5] [6] [7] Understanding the atomic configuration of surface adatoms on graphene may help develop graphene with further reductions in its sheet resistance and consequently better performance in devices. Metal atoms are often found on the surface of graphene grown by chemical vapour deposition on a metal catalyst and also dope graphene. The fundamental interactions between metal atoms and graphene is also of importance to catalytic reactions, where the metal nanoparticles or clusters reside on a graphitic support. 8 The atomic structure of graphene can be imaged nondestructively using aberration-corrected transmission electron microscopy (AC-TEM) at low accelerating voltages of ≤80 kV. 9, 10 Apart from observing the standard pristine hexagonal atomic structure of sp 2 graphene lattice, it is also possible to image vacancies and defects in graphene by AC-TEM. Surface adatoms may also be observed on graphene when imaging by AC-TEM, which in the majority of cases are carbon, nitrogen and oxygen, the main residues from the polymer used in the chemical vapour deposition (CVD) transfer process or any remaining solvent left over from chemical exfoliation. 11, 12 Some heavier surface adatoms are also found on graphene, such as Si, Na or Fe. [13] [14] [15] [16] TEM studies have been previously performed on the migratory behaviour of heavy metal atoms, including tungsten, gold and platinum, on the graphene surface. 17, 18 These looked at the effect of the sample temperature and the strain of the graphene substrate on the metal adatom movement. This has been further extended into imaging dopants that are within the graphene lattice and bonded to carbon atoms, such as Si or Fe. [19] [20] [21] [22] Such covalently bonded defects have a significantly lower diffusion rate, and were found to be relatively stable in comparison to the weakly interacting surface adatoms. 19, 23, 24 The increased stability conferred by in-plane covalent bonding suggests that any mobile surface adatom species will tend to diffuse and localise around any exposed under-coordinated elements, such as graphene edges.
In this report, we examine heavy atoms, Pb and Te, on the surface of graphene using AC-TEM. We use PbTe nanocrystals as the source of the Pb and Te atoms and upon electron beam exposure, Pb and Te atoms are released onto the graphene surface. We study the positions where the atoms remain stable, and the pathways for movement along the surface.
Graphene was grown by CVD using a liquid Cu catalyst, as previously reported. 25 It was then transferred to silicon nitride TEM grids with 2 micron diameter holes by a polymer supporting scaffold layer. 26, 27 PbTe nanocrystals were synthesized using solution phase methods, as previously reported. The PbTe nanocrystals were drop-cast onto the graphene surface and upon drying self-assembled into small closed-packed regions, as shown in Fig. 1a . Fig. 1b shows a higher magnification AC-TEM image of the PbTe nanocrystals and their lattice planes easily resolved. The oleic acid and TOP surface passivating ligands result in the uniform separation between the nanocrystals. We found that irradiation of the edge regions of the closedpacked arrays of nanocrystals resulted in the release of substantial Pb and Te atoms from the nanocrystals. In Fig. 1c , the strong dark contrast spots correspond to Pb and Te atoms. It is difficult to differentiate between Pb and Te atoms based purely on contrast intensity in AC-TEM. The heavy atoms are found as isolated single atoms, but also as small clusters in Fig. 1c . The electron-beam induced release of atoms come from the edges of the nanocrystals and also the surrounding surface capping ligands, which are likely to also contain some metalligand complexes. We found that the heavy atoms were only stable in fixed positions around and on top of the amorphous carbon residue that sits on graphene. This is shown more clearly in Fig. 2a , where defocus has increased the contrast of the edges of the surface amorphous carbon, as indicated by the black arrow. A hole within the graphene sheet is also visible in Fig. 2a (white arrow) and heavy Pb or Te atoms are attached to the edges of the graphene hole. We found no evidence that Pb or Te atoms could remain fixed in a stable location on the pristine lattice of graphene. We did find Pb and Te atoms on islands of amorphous carbon that were isolated from the main nanocrystals area, indicating that Pb or Te atoms were highly mobile across the pristine graphene and could travel from island to island of amorphous carbon.
Electron beam irradiation provides the energy for movement of Pb and Te atoms on amorphous carbon and in some cases we observed the recrystallization of the Pb and Te atoms into small nanocrystals, as observed in Fig. 2a . Fig. 2b -l show the time-series of images that reveal the crystal formation. Dozens of those heavy atoms agglomerate on amorphous carbon to form nanocrystals, whose crystal orientation varies as a function of time according to the time sequence images. Pb and Te atoms first form two nanoclusters marked by the dotted white square in Fig. 2b , and then continue to grow and connected together in Fig. 2d . Afterwards, the nanocrystals keeps growing and the atoms in the dotted square begin to migrate to the full square in Fig. 2e . In Fig. 2d -j, the degree of order and orientation keeps changing, indicating that the nanocrystals is highly unstable. In Fig. 2g a highly ordered nanocrystal is formed with 2 slightly different crystal orientation, which is likely affected by the edge of amorphous carbon where heavy atoms first aggregate and nucleate. In Fig. 2h -l, the number of atoms on amorphous carbon continue to decrease. The whole process from Fig. 2b -k takes less than 100 seconds.
The formation of small nanoclusters and nanocrystals of Pb and Te atoms only occurred on the surface of the amorphous carbon, and neither on the amorphous carbon edges or the surface of pristine graphene. We did not find more than one or two Pb or Te atoms attached to the edges of the amorphous carbon. The Pb and Te atoms on the surface of the amorphous carbon islands are likely to be more tightly bound than those attached to the edge and this could allow the build-up of atoms to form the necessary concentration to form a nanocluster. Pb or Te atoms attached to the edges of the amorphous carbon islands are able to be released by electron beam irradiation and migrate to the next island. This indicates that an amorphous carbon surface is better than pristine graphene lattice for the formation of small metastable nanoclusters and nanocrystals. This may have important ramifications in the formation of optimized metal catalysts on carbon supports for fuel cells. 29 In order to identify the crystal structure on the amorphous carbon, Fig. 3a is extracted from Fig. 2g , the image of the nanocrystals and shows the separation between atomic columns for the horizontal directions. In Fig. 3b , the image has been rotated by 90 degrees clockwise, with the vertical separation between atomic columns reported. The average distance between atomic columns is 328 pm in Fig. 3a and 336 pm in Fig. 3b , which corresponded to the [200] plane of rock-salt PbTe crystal (323 pm).
The edges of graphene, available due to the presence of a hole, provide in-plane covalent attachment sites for the Pb and Te atoms with some stability. Electron beam irradiation provides energy for the Pb and Te atoms to migrate around the edge of graphene. Fig. 4 shows the number and positions of heavy atoms on the edge of graphene changes as a function of time. Atom 1, 2 indicated by the white numbers in Fig. 4 remain motionless during the whole time, which act as references in these images. Atom 3 also exists through the whole period, while its position changes slightly. Other atoms indicated by a black number are only spotted in a few images. Fig. 5 shows the location of the hole in graphene with Pb and Te atoms, imaged in Fig. 4 . The hole is about 5 nm from the nanocrystals, but separated by pristine graphene. The hole was created by electron beam irradiation and therefore the Pb and Te atoms attached to the hole must have originated from the nanocrystals region on the left. The lack of any heavy metal atoms isolated on the graphene sheet confirms that the Pb and Te atoms are highly mobile on the surface of graphene and are only stabilized to a fixed position at the edges of graphene or on the amorphous carbon residues. If these metal atoms were less mobile on the graphene surface we would expect to capture at least some metal atoms residing on the sheet during the course of the image exposure, however they remain concentrated at edge sites; either of the monolayer graphene or the mono-to few-layer amorphous carbon regions. We now explore in more detail this propensity for the heavy atoms to also localize along the amorphous carbon edges, and to a lesser degree on the amorphous surface. Fig. 6 shows that the Pb and Te atoms attached to both the edge and top surface of the amorphous carbon islands also move under the electron beam. In Fig. 6a and b, heavy atoms are seen moving along the edge of the amorphous carbon. Pairs of atoms seem to have formed in Fig. 6b . Fig. 6c and 6d show Pb or Te atoms moving on the top surface of the amorphous carbon.
The electron beam also induces movement of the atoms at the edge of the PbTe nanocrystals. Fig. 7 shows two AC-TEM images with 10 seconds separation in time, where regions of dark contrast associated with the Pb and Te atoms change, indicated by arrows. The electron beam can decompose the surface capping ligands and aid in release the Pb and Te atoms onto the surface of the graphene. Small clusters seem to form next to the PbTe nanocrystals. In summary, we have shown that Pb and Te atoms are highly mobile on pristine graphene surfaces and do not remain in fixed positions for any appreciable time. The Pb and Te atoms do remain fixed at the edges of graphene and also on the edges and top surface of amorphous carbon. The Pb and Te atoms are still mobile when attached to amorphous carbon and graphene edges, and simply rapidly migrate between locations of fixed stability. The ability to trap several Pb and Te atoms on the surface of the amorphous carbon resulted in electron beam induced coalescence and the formation of nanoclusters and occasionally PbTe nanocrystals. These results indicate that it will be challenging to form PbTe nanocrystals that are in direct contact with graphene, since the tendency is to stick to the top of the amorphous carbon residue. This provides important insights into the future development of graphene-inorganic composites for energy applications.
Methods

Graphene synthesis and transfer
Graphene monolayers were prepared by atmospheric pressure chemical vapour deposition (CVD). We used a molten copper sheet (Alfa Aesar, Puratonic 99.999% pure, 0.1 mm thick) of ∼1 cm 2 for the catalyst, which was placed on a cm 2 piece of molybdenum (Alfa Aesar, 99.95% pure, 0.1 mm thick) to act as a stable wetting layer. This was placed into the CVD furnace, and was pumped to vacuum then backfilled with Ar gas. 100 s. transferred to a 30% HCl solution for 5 min and then rinsed again in DI water for 30 min. Finally the sample was transferred to a holey silicon nitride TEM grid (Agar Scientific Y5385). Once left to dry for about an hour, the sample was baked on a hotplate at 150°C for 15 min to remove water and improve sample adhesion. The sample was then heated for 10 h in air at 300°C in a tube furnace and then 10 h at 180°C under a vacuum of 10 −5 mbar to remove unwanted residue and PMMA from the graphene.
PbTe nanocrystal synthesis and deposition
PbTe nanocrystals were synthesized following a previously reported method. 30 The precursors used were PbO, 99.999%; trioctylphosphine (TOP), technical grade 90%; oleic acid, technical grade, 90%; Te shot, 1-2 mm, 99.99%; diphenyl ether, 99%. A precursor solution of 1 M Te-TOP was prepared by heating the Te and TOP to 100°C and stirring overnight in a N 2 atmosphere. Initially, a Pb-oleate solution was created by heating 3 mmol of PbO with 6 mL oleic acid and 14 mL of diphenyl ether. This was heated to 100°C under vacuum, using a Schlenk line, for 1 h. The solution was then heated to 200°C under nitrogen and 3 mL of Te-TOP precursor was injected. The system was quenched in ice after 10 s to stop the reaction. The nanocrystal solution was purified by first mixing in a 1 : 1 ratio with hexane and then combined in a 3 : 1 ratio with ethanol. This solution was centrifuged at 6000 rpm for 10 min, with the supernatant solution being discarded and the nanocrystals re-dissolved in hexane. This process was then repeated once, but the nanocrystals were then re-dissolved in toluene at 30 mg mL −1 to use for spin coating. PbTe nanocrystals were deposited by drop casting onto clean graphene membranes transferred onto SiN TEM grids. Once the solvent had evaporated (∼1-2 min) hexane was applied by drop casting to remove unwanted excess reactants.
Electron microscopy
The Oxford-JEOL JEM-2200MCO FEGTEM with CEOS hexapole aberration correctors, at an accelerating voltage of 80 kV, was used for electron beam irradiation and imaging.
